We demonstrate, both numerically and experimentally, that metal-insulator-metal configurations in which the top metal layer consists of a periodic arrangement of nanobricks, thus supporting gap-surface plasmon resonances, can be designed to function as reflective broadband half-wave plates. Using gold as the metal, the constructed wave plates in the near-infrared regime show scalability, bandwidth of ∼20% of the design wavelength, and theoretical reflectivity above 85%, while a reflectivity of ∼50% is experimentally measured. © 2013 Optical Society of America OCIS codes: 250.5403, 310.6628, 260.5430, 260.3910. Control of the polarization state of light is an essential part of practically any instrumentation in modern optics and photonics. The general trend of miniaturization in photonics requires the development of nanometer-thin wave plates. Since these are difficult to realize with conventional dielectric materials, research on compact wave retarders based on usage of metallic subwavelength structures [1-9] is needed. In general, one can either exploit the propagation of surface plasmon polaritons and fundamental waveguide modes in holes/slits in metal films [1] [2] [3] [4] or take advantage of localized resonances in metasurface nanostructures using the concept of detuned electrical dipoles (DED) [5] [6] [7] [8] [9] . The DED concept covers any plasmonic system that consists of two electric dipole scatterers, whose resonances are oppositely detuned from a chosen design frequency (as, e.g., for nanorods of different lengths [10]). As the phase of scattered light from a resonant structure changes by 180°near the resonance, the two scatterers will scatter light with different phases at the design frequency. This property is the mechanism for polarization rotation in anisotropic DED metasurfaces, whose unit cells consist of detuned orthogonal resonances [5] [6] [7] [8] [9] .
Control of the polarization state of light is an essential part of practically any instrumentation in modern optics and photonics. The general trend of miniaturization in photonics requires the development of nanometer-thin wave plates. Since these are difficult to realize with conventional dielectric materials, research on compact wave retarders based on usage of metallic subwavelength structures [1] [2] [3] [4] [5] [6] [7] [8] [9] is needed. In general, one can either exploit the propagation of surface plasmon polaritons and fundamental waveguide modes in holes/slits in metal films [1] [2] [3] [4] or take advantage of localized resonances in metasurface nanostructures using the concept of detuned electrical dipoles (DED) [5] [6] [7] [8] [9] .
The DED concept covers any plasmonic system that consists of two electric dipole scatterers, whose resonances are oppositely detuned from a chosen design frequency (as, e.g., for nanorods of different lengths [10] ). As the phase of scattered light from a resonant structure changes by 180°near the resonance, the two scatterers will scatter light with different phases at the design frequency. This property is the mechanism for polarization rotation in anisotropic DED metasurfaces, whose unit cells consist of detuned orthogonal resonances [5] [6] [7] [8] [9] .
In this Letter, we present numerical and experimental results on broadband half-wave plates operating in reflection. The starting point is the DED concept applied to the metal-insulator-metal (MIM) configuration, in which the top metal layer consists of a periodic arrangement of nanobricks whose main axes function as orthogonal detuned scatterers [ Fig. 1(a) ]. The presence of the dielectric spacer and metal substrate extends the possibility to control the phase of the reflected light beyond 180°with the additional opportunity of high reflectivity. Importantly, the presented MIM configuration with the associated gap-surface plasmon (GSP) resonances is typically used in the design of efficient absorbers [11] [12] [13] . However, as the results show, it is possible to reduce the Ohmic losses at the GSP resonances by properly choosing the geometrical parameters, thereby creating configurations with high reflectivity.
A related MIM configuration has been demonstrated to work as a half-wave plate at visible wavelengths [5] , although the choice of parameters led to a narrowband response with strong variation in both the amplitude and phase of the reflected light. Another study has shown that half-wave plates can be constructed by milling an array of orthogonal slit-hole resonances into an optically thick gold (Color online) (a) Sketch of unit cell; described by the nanobrick parameters L x , L y , t, spacer thickness t s , and periodicity Λ. The nanobrick and metal substrate are made of gold, the spacer is made of glass, and the upper medium is assumed to be air. Amplitude and phase of reflection coefficient for β 0°a nd β 90°for (b) L x 150 nm, L y 78 nm, t 50 nm, t s 50 nm, and Λ 240 nm; (c) L x 372 nm, L y 200 nm, t 70 nm, t s 100 nm, and Λ 500 nm.
film [14] . The resonances, however, strongly affect the reflection, thus making the response rather narrowband.
In the following, all numerical results are obtained using the finite element software Comsol Multiphysics, where the metal nanobrick and substrate are considered to be made of gold with permittivity described by interpolated experimental values [15] , the spacer is taken to be glass with refractive index n 1.45, and the incident wave is normal to the metal surface with linear polarization in the xy plane determined by the angle β measured from the x axis [ Fig. 1(a) ]. All corners and edges of the nanobrick are rounded with a radius of 5 nm.
We first consider the reflection [ Fig. 1(b) ] from the MIM configuration with nanobricks of size L x × L y × t 150 nm × 78 nm × 50 nm, spacer thickness t s 50 nm, and periodicity Λ 240 nm. For both x and y polarization, the amplitude of the reflection coefficient remains high with jr ii j > 0.85 for wavelengths λ > 700 nm. The presence of the GSP resonances is only noticed for x polarization as the shallow minimum at λ ≃ 900 nm. For y polarization, the weak signature of the GSP resonance is hidden by the increased (nonresonant) absorption in gold for λ < 700 nm. Despite the lack of pronounced GSP features in the amplitude reflection spectra, it is evident that the phase of the reflected light is significantly different for the two orthogonal polarizations. Here, the phase difference ΔΦ reaches ≃180°at λ ≃ 740 nm (i.e., it operates as a half-wave plate). One should note that perfect halfwave plate operation at λ 740 nm occurs for incident wave with β ≃ 44°(jr xx j < jr yy j), and the amount of reflected light is ≃86%. Following the discussion in [9] , the bandwidth of operation is either limited by the wavelength dependence of the ratio jr xx ∕r yy j or ΔΦ. In our case, one can show that the limit of operation is set by ΔΦ when the bandwidth is defined by 10°change in ΔΦ, cf. [9] . Accordingly, the bandwidth of the configuration in Fig. 1(b) is 150 nm (670-820 nm).
To emphasize the presence and effect of GSP resonances in the MIM half-wave plate, Fig. 2 shows the transverse E-field component (E z ) through the spacer layer at λ 740 nm and β 44°for the configuration in Fig. 1(b) .
As expected, the field contains a node at the center of the nanobrick, which arises due to the partial excitation of the fundamental GSP resonance along both axes of the nanobrick. The effect of the detuned orthogonal GSP resonances is exemplified in Fig. 2 by the cones and arrows, which correspond to the incident and reflected E-field 1 μm away from the gold substrate, respectively. It is clearly seen how the incident and reflected light are orthogonally polarized.
As an example of the scalability of the MIM configuration, we design a half-wave plate at λ ≃ 1530 nm using the parameters L x 372 nm, L y 200 nm, t 70 nm, t s 100 nm, and Λ 500 nm [ Fig. 1(c)] . Again, the parameters are purposely chosen to maximize the reflection at the GSP resonances and to ensure ΔΦ ≃ 180°at the design wavelength. The perfect half-wave plate operation at λ ≃ 1530 nm is reached for β ≃ 45°(jr xx j ≈ jr yy j) where the reflectivity is 91%. The associated operation bandwidth is 310 nm (1370-1680 nm).
Using electron beam lithography and a lift-off technique, an array of gold nanobricks with average dimensions L x 160 nm, L y 85 nm, t 50 nm, and periodicity Λ 250 nm is fabricated on top of a 50 3 nm thick SiO 2 spacer and gold substrate [see inset of Fig. 3(a) ]. The reflectivity is measured using a supercontinuum light source (SuperK Extreme, NKT Photonics) with a fiber output whose radiation is directed through a Glan-Thompson polarizer and focused onto the fabricated structure with a ×60-objective (NA 0.85). The reflected light is collected by the same objective and fed into an optical fiber connected to a spectrometer. The reflectivity is measured for three values of β and compared with simulations for which the imaginary part of the gold permittivity is increased by four times for better agreement [ Fig. 3(a) ]. The added losses in the simulations represent surface scattering and grain boundary effects in thin films as well as the increased damping associated with the 3 nm Ti adhesion layers between gold-glass interfaces [11] . With the reasonable agreement between measured and simulated reflectivity, we have numerically computed the phase of the reflected light [ Fig. 3(b) ]. Interestingly, the fabricated structure performs as a half-wave plate at λ ≃ 780 nm (ΔΦ ≃ 180°) with a bandwidth of ∼160 nm (700-860 nm), although the geometrical parameters deviate from the configuration in Fig. 1(b) . Consequently, the proposed MIM configuration is robust against fabrication tolerances.
To experimentally verify that the reflected light is orthogonally polarized relative to the incident wave, β is fixed at 40°while the reflected light is sent through a Glan-Thompson analyzer with varying analyzer angles with respect to the x axis [ Fig. 3(c) ]. It is clearly demonstrated that the reflected light is rotated by 90°, which is signified by ∼1% reflection at 40°and maximum reflection of ∼50% at the analyzer angle 130°. Furthermore, the fabricated MIM configuration confirms the broadband behavior, as the contrast in the reflectivity curves as a function of analyzer angle is almost constant in the wavelength range of 740-880 nm.
In conclusion, we have demonstrated that a MIM nanobrick configuration can be designed to function as broadband half-wave plates in reflection with a bandwidth of ∼20% of the design wavelength. The designed half-wave plates show theoretical reflectivity above 85%, while a reflectivity of ∼50% is experimentally proven. We believe that high efficiency, scalability, and compactness (metal substrate can be replaced by a thin metal film) of the considered wave plates are attractive features for many applications in optics and nanophotonics.
